showed that Bacillus anthracis may be kept indefinitely in the vegetative stage by periodic transfer into a fresh medium. He further observed that when vegetative cells of this organism were incubated in distilled water under conditions suitable for sporulation, spores were formed sooner than in the original culture. Schreiber (1896) , who confirmed and extended these observations, concluded that spores were never formed under conditions of continuous active growth and that sudden hindrance of growth following good nutrition caused immediate and complete sporulation.
Most of the above studies were carried out before the discovery by Powell (1953) of dipicolinic acid as a constituent of the spores of Bacillus megaterium. Dipicolinic acid is present in all the bacterial spores examined and is absent from the homologous vegetative forms. Much evidence has since been accumulated to warrant dipicolinic acid being assigned a possible role in the dormancy and resistance of the bacterial spore (Perry and Foster, 1954; 3Previously publishing under the name of G. G. Krishna Murty or G. G. K. Murty. 1957; Murty and Halvorson, 1957a; Harrell et al., 1957; Collier and Nakata, 1958; and Harrell, 1958) . The present study of the effects of a-picolinic acid on growth and sporulation of Bacillus cereus type T was undertaken with the hope that it might provide valuable information regarding sporogenesis.
MATERIALS AND METHODS
Test organism. Stock cultures of the test organism B. cereus type T were allowed to sporulate on agar slants and then kept refrigerated. These were inoculated into sterile distilled water to give a suspension having a turbidity of 180 to 200 Klett units. This suspension was heated for 30 min at 80 C to kill vegetative cells and 0.2 ml of it was used to inoculate 100 ml of the medium.
Cultural methods. To study the effect of a compound on sporulation only it was added to an active culture. To study the effect on germination, growth, an(d sporulation, the compound was added to a medium inoculated with a heat shocked spore suspension.
RESULTS
Since preliminary experiments showed small amounts of exogenous dipicolinic acid have no effect on germination, growth, and sporulation of the test organism, it seemed interesting to study the effects of analogues of dipicolinic acid on the growth and sporulation of this organism.
Preliminary experiments showed that a-picolinic acid inhibited sporulation without inhibiting growth or germination. Though the minimum inhibitory concentration was 8 X 10-4 M, the concentration of a-picolinic acid routinely used was 1.2 X 10-3 M. To study the effect of a-picolinic acid on germination and growth, a large volume of the medium was inoculated with heat shocked spores. To a part, at-picolinic acid was added and the rest was used for control. Both cultures were incubated on a shaker at 30 C. Active cultures were prepared from these by transferring both at the same intervals, each into the corresponding fresh medium. Periodically the turbidity, pH, stain, and viable counts of both the cultures were determined. From the results (table 1) it will be seen that there was no significant difference between these two cultures at any time during these transfers. When the final cultures reached maximum growth, they were centrifuged separately under aseptic conditions to yield normal cells and normal supernatant, a-picolinic grown cells and a-picolinic supernatant. The normal cells were then suspended in the a-picolinic supernatant and the a-picolinic grown cells in the normal supernatant and both suspensions were incubated at 30 C on a shaker. NVhen examined at the end of 18 hr, it was found (table 2) show that a-picolinic acid inhibited sporulation only when added before the cells reached a certain age. Another interesting thing to note is that in cultures inhibited from sporulating, the turbidity and the pH were low. However, in these cultures a large proportion of the cells lost viability during prolonged incubation, presumably due to lysis. Greenberg and Halvorson (1955) demonstrated the presence of a specific autolytic substance, with a pH optimum in the range 5.0 to 5.5 in the supernatants of sporulating cultures of this organism.
The effect of a-picolinic acid could be due to competition with nicotinic acid or chelation with some metal essential for sporulation but not for growth. To distinguish between these two possibilities, the effects on sporulation of the other pyridine monocarboxylic acids and pyridine dicarboxylic acids, with at least one carboxyl in the alpha position, were studied. None of these inhibited sporulation. Also nicotinic acid and 1960 erences in evident that the technique of endotrophic sporusene. Fur.lation is not particularly suited to study these inhibition changes. It seemed to us that the best way of the culture studying these changes during the transition from vegetative growth to sporulation of a cell would be to let it grow in a medium favorable for sporulation and inhibit this transition by the ;porulation addition of compounds which would specifically lwick and inhibit sporulation. Krask (1953) has shown methionine sulfoxide to specifically inhibit the sporulation of a strain of B. subtilis grown in a glucose-glutamic acid-salts medium. Unfortunately, we have not been able to grow B. cereus in the same medium and when it was grown in the medium containing yeast extract, methionine sulfoxide failed to inhibit the sporulation of this organism.
From *the results obtained with a-picolinic acid, it was evident that this compound specifically inhibited the sporulation of B. cereus in the yeast extract-glucose-salts medium. Of all the pyridine mono-and dicarboxylic acids tested, only a-picolinic acid possessed the ability to inhibit sporulation, the others having no detectable effect on sporulation even at high levels. Further, the fact that isonicotinic acid did not inhibit sporulation and that nicotinic acid failed to reverse the inhibition of sporulation by a-picolinic acid suggested that the effect of a-picolinic acid could not have been due to competition with nicotinic acid in the metabolism of the cell. The other well known property of a-picolinic acid is its ability to chelate with metals. When the structures of the pyridine monocarboxylic acids are examined, it will be immediately apparent that only a-picolinic acid can chelate with metals. The introduction of a second carboxyl group into the ring of a-picolinic acid will reduce the chelating ability considerably so that the resulting pyridine dicarboxylic acids will not be able to chelate as strongly as a-picolinic acid. This explains why the pyridine dicarboxylic acids tested failed both to inhibit sporulation and to reverse the inhibition of sporulation by a-picolinic acid. It thus appears that a-picolinic acid is inhibiting sporulation by chelating with some metal essential for sporulation but not for germination or growth. Lankford et al. (1957) studied the effect of chelating agents in growth initiation of Bacillus globigii. Their conclusion that the 2,4-, the 2,5-, and the 2, 6-pyridine dicarboxylic acids were more stimulating than a-picolinic acid need not be construed as being inconsistent with our findings as the metals involved in these two cases seem to be different. We found quinolinic acid to have no effect on germination, growth, or sporulation, but Lankford et al. reported it to be strongly inhibitory and suggested the cause was due to competition with nicotinic acid. However. they found no such inhibition with pyridine
As it was evident that a-picolinic acid was exerting its effect by chelating with some metal essential for sporulation, the effect of Versene also was studied. Though it did not interfere with germination, Versene did inhibit sporulation and also interfered with the process of division as the cells were filamentous. Further, important differences in the effects of a-picolinic acid and Versene became evident when the ability of increased minerals to reverse the inhibition of sporulation was tested. While the inhibitory effect of Versene could be reversed by merely doubling the amount of minerals normally added to the medium, that of a-picolinic acid could not be reversed even by 4 times the normal amount of minerals. Instead of increasing the content of all the minerals of the medium, the effect of increasing the content of just one mineral at a time was studied next. The effect of a-picolinic acid could be reversed by increasing the concentration of zinc, cobalt, or nickel. However, at the same level these metal ions inhibited germination of the spores in the absence of a-picolinic acid. Heavy metal ions were reported to inhibit the germination of spores of B. cereus (Murty and Halvorson, 1957b) . Thus it was evident that a-picolinic acid and the increased amount of mineral, each inhibitory when used individually, were mutually overcoming the inhibitory effects of each other by chelation when used together. The ability of phosphate to reverse the inhibition by a-picolinic acid may also be due to competition between the two for the metal essential for sporulation, the metal chelated with a-picolinic acid being in an unassimilable form. Different compounds may vary in their abilities to chelate with a given metal. Also the same compound may vary in its ability to chelate with different metals. The results so far obtained indicate that the metal involved may be zinc, cobalt, nickel, or some other trace metal chelating less strongly with a-picolinic acid than these three. Lundgren and Beskid (1958) working with induced asporogenic mutants of B. cereus var. lacticola found that micro-amounts of zinc were essential for maximal sporulation; this element had no apparent effect upon vegetative growth. (Halvorson, 1957a) has revealed many interesting changes. Initially, there was an increase in the oxygen consumption per ml of the culture due to increase in the cell population. Later there was a rapid decrease in the oxygen consumption of the culture while the cell population remained constant. Immediately thereafter, the oxygen demand of the culture rose sharply to a higher value while there was no increase in the cell population. After remaining for a short time at this higher level, the oxygen consumption gradually decreased as sporulation proceeded to completion. Concomitant with these changes in the oxygen demand of the culture, there were significant changes in the pH of the culture also. Initially, the pH of the medium dropped gradually and then rose rapidly reaching a value higher than the starting pH of the medium. The valley in the pH curve occurred at the same time as the trough in the oxygen demand curve and corresponded with maximum growth and exhaustion of the glucose of the medium. Glucose added to the culture at this point considerably delayed sporulation (H. M. Nakata, unpublished results). The effect of time of addition of a-picolinic acid on the sporulation of B. cereus becomes very meaningful in the light of these observations. a-Picolinic acid inhibited only when added before the pH of the culture began to rise, having no effect if added after the pH of the culture began to rise. As pointed out earlier, the pH of an inhibited culture always remained at the low level reached during vegetative growth and on reversal of the inhibition rose to the normal level. Turro (1891) , workiing with B. anthracis, concluded that sporulation w-as caused by certain by-products of metabolism. Halvorson (1 957a) concluded that there was a change in the enzymatic pattern of the cell during the transition from vegetative growvth to sporulation of B. cereus. Evidence was presented to show that the early changes were fermentative resulting in the accumulation of acids. It was further concluded that the enzymes needed for the utilization of the products of fermentation were formed adaptively after maximum growth and exhaustion of glucose at which time the pH of the culture was at the lowest level. Larsen and Eimhjellen (1955) studying the effect of acidity on the mechanism of itaconic acid formation by Aspergillus terreus concluded that an acid environment was necessary for the formation of an essential enzyme system operating in the conversion of glucose into itaconic acid. Hardwick and Foster (1952) reported that sporulation of the washed cells of B. cereus var. mycoides was inhibited by glucose. Glucose merely delayed the sporulation of B. cereus and some organisms have been shown to sporulate in the presence of glucose (Grelet, 1951; Powell and Strange, 1956; Ordal, 1957) . Henrici (1934) concluded that in the case of B. megaterium "spore formation commenced practically at the point of inflection between the logarithmic growth phase and the resting phase." The data obtained with B. cereus definitely point to the existence of such a point of inflection corresponding in time to maximum growth, exhaustion of glucose, and rising pH. It is safe to conclude that the enzyme systems concerned with the utilization of the acid intermediates accumulating during vegetative growth are indispensable for successful sporulation and that they are adaptively formed at this point of inflection. a-Picolinic acid probably inhibits sporulation by chelating with some metal essential for the synthesis of this enzyme system. Further work is in progress on the identity and fate of these acid intermediates.
SUMMARY
All the mono and some dicarboxylic acids of pyridine were tested for their effects on germination, growth, and sporulation of Bacillus cereus type T. Only a-picolinic acid specifically inhibited sporulation without causing permanent injury to the organism when it was added before the pH of
